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(54) Four mirror EUV projection optics 

(57) An all reflective ring field projection optic sys- 
tem for use in scanning photolithography used in the 
manufacture of semiconductor wafers. The projection 
optics are designed for wavelengths in the extreme 
ultraviolet ranging from 11 to 13 nm to provide an arcu- 
ate image field for a reduction step and scan photoli- 
thography system. A sequence or configuration of 
mirrors from the long conjugate end to the short conju- 
gate end consists of a convex, concave, convex, and 
concave mirror with an aperture stop being formed at or 

J M2 



near the second convex mirror. This sequence of mirror 
powers provides a relatively large image field size while 
maintaining a relatively compact reticle wafer distance 
of less than 900 mm. The projection optics form an 
instantaneous annual field of up to 50mm x 2mm at the 
wafer, permitting scanning to cover afield on a wafer of 
at least 50mm x 50mm f greatly increasing throughput. 
The optical projection system can print features as 
small as 0.05 microns. 
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Description 

FIELD OF THE INVENTION 

5 [0001] The present invention relates in general to semiconductor manufacturing using photolithography or micro- 
lithography, and more particularly to an optical projection system for use in the extreme ultraviolet wavelength region, 
for example from 11 to 13 nm. 

BACKGROUND OF THE INVENTION 

10 

[0002] Semiconductor devices are typically manufactured by projecting aryimage of a reticle containing a circuit pat- 
tern onto a photosensitive resist covered wafer. As the feature size of the circuit elements become smaller, there is a 
need for the use of smaller or shorter wavelengths of light or electromagnetic radiation use in exposing the photosensi- 
tive resist covered wafer. However, many difficulties arise in developing optical designs for projecting the image of a ret- 

15 icle onto a photosensitive substrate at the required short wavelengths of electromagnetic radiation in the extreme 
ultraviolet and soft X-ray region. One such optical projection system is disclosed in U.S. Patent 5,353,322 entitled "Lens 
Systems For X-Ray Projection Lithography Camera 1 ' issuing to Bruning et al on October 4, 1994. Therein disclosed is 
a three mirror projection system used in lithography at X-ray wavelengths to image a mask on a wafer. Also disclosed 
is a methodology for providing optimum solutions within regions of two dimensional magnification space defined by the 

20 magnification of a convex mirror as one coordinate and the ratio of the magnification of a pair of concave mirrors opti- 
cally on opposite sides of the convex mirror as another coordinate. An optical system is discloses having, from the 
image to the object end, a concave mirror, a convex mirror, and a concave mirror. Bruning et al specifically advocates 
the use of a three-mirror system as opposed to other two and four mirror systems. While this optical system permits 
small residual aberrations over a relatively large field, there is a lack of an accessible aperture stop. Additionally, there 

25 is the disadvantage that there will be subtle variations in effective numerical aperture, and therefore image size around 
the annular field. Another projection optical system is disclosed in U.S. Patent 5,315,629 entitled "Ring Field Lithogra- 
phy" and issuing to Jewell et al on May 24, 1994. Therein disclosed is a ring field projection apparatus for use with X- 
ray radiation that has a relatively large slit width of at least 0,5 mm. A folding mirror is also disclosed so that the projec- 
tion optics can be placed between the mask and wafer. Therein disclosed is a mirror configuration or sequence from the 

30 reticle or object to the wafer or image of a concave mirror, a convex mirror, a concave mirror, and a convex mirror. Jewell 
et al specifically teaches away from the use of a negative or convex first mirror indicating that it was found that the tel- 
ecentric requirement in unobscured configuration could not be met. While the prior art projection optical systems have 
proven adequate for many applications, they are not without design compromises that may not provide an optimum 
solution in all applications. Therefore, there is a need for a projection optical system that can be used in the extreme 

35 ultraviolet(EUV) or soft X-ray wavelength region that has a relatively large image field with acceptable imaging for 
improving throughput. It is also desirable that the image field have an acceptable aspect ratio. This reduces the difficulty 
of providing illumination uniformity as compared to narrow slits with a high aspect ratio. 

SUMMARY OF THE PRESENT INVENTION 

40 

[0003] The present invention relates to an all reflecting ring field projection optical system designed for use with wave- 
lengths in the extreme ultraviolet, including wavelengths in the 1 1 to 13 nm range, or soft X-rays. The present invention 
comprises a plurality of curved mirrors providing a reduction from a long conjugate end to a short conjugate end. The 
mirror order or sequence from the long conjugate end to the short conjugate" aid is a first negative power convex mirror, 
45 a first positive power concave mirror, a second negative convex mirror, and a second positive concave mirror. The plu- 
rality of curved mirrors are arranged such that an aperture stop is coincident at or near the third mirror or second neg- 
ative convex mirror. The reflective surfaces of each mirror are spaced or separated by a distance greater than twenty- 
five percent of the total distance between the long conjugate end and the short conjugate end. 
[0004] Accordingly, it is an object of the present invention to provide a projection optical system that has a relatively 

so large image field size. 

[0005] It is another object of the present invention to provide an accessible aperture stop. 

[0006] It is an advantage of the present invention that a variable iris may be^utilized at the aperture stop. 

[0007] It is another advantage of the present invention that the object and image positions are located or positioned 

to facilitate scanning. 

55 [0008] It is an advantage of the present invention that it can print feature sizes as small as 0.05 microns and has a 
slot width of 2 mm. 

[0009] It is a feature of the present invention that the first mirror from the long conjugate end to the short conjugate 
end is a negative power convex mirror. 
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[0010] It is another feature of the present invention that the mirrors are spaced relatively far apart to minimize the 
angular variations of light beams hitting the mirrors. 

[0011] These and other objects, advantages, and features will become readily apparent in view of the following 
detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0012] 

Fig. 1 is a schematic illustration of the projection optical system of the present invention. 

Fig. 2 is a plan view of the ring portion or arcuate image field provided by the present invention. 

Fig. 3 is a schematic drawing illustrating the use of the present invention in a scanning microiithographic apparatus. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[001 3] Fig. 1 schematically illustrates one embodiment of the present invention. An illumination source 13, which may 
be any illumination source that can provide electromagnetic radiation in the desired wavelength in the extreme ultravi- 
olet, for example in the range from 11 to 12 nm. The illumination source 13 may provide a desired illumination profile 
and intensity. For example, an intensity distribution that is not uniform along one dimension, such as a radial width, and 
is uniform along another dimension, such as in a tangent field direction or along the length of an arc, may be utilized 
thereby providing Kohler illumination or a uniform intensity distribution. The electromagnetic radiation from illumination 
source 13 is received by reticle 10. Reticle 10 is preferably a reticle having a predetermined line pattern thereon which 
is used for the manufacture of semiconductor devices. Reticle 10 may be of the reflective type as illustrated, or a trans- 
missive type. The reticle 10 is placed at the long conjugate end of the reduction optical system. The electromagnetic 
radiation reflected from reticle 1 0 is collected by a first convex mirror M1 . The rays 1 1 of electromagnetic radiation from 
the reticle 10 diverge. The first convex mirror M1 has a negative power and causes the rays 12 of electromagnetic radi- 
ation reflected from the convex mirror M1 to also diverge. The rays 12 of electromagnetic radiation reflected from the 
convex mirror M1 are collected by a concave mirror M2. The concave mirror M2 has a positive power causing the rays 
14 of electromagnetic radiation reflected therefrom to converge. The rays 14 of electromagnetic radiation reflected from 
concave mirror M2 are collected by convex mirror M3. An aperture stop 22 is formed at or near the surface of convex 
mirror M3. Convex mirror M3 has a negative power causing the rays 16 of electromagnetic radiation reflected therefrom 
to diverge. The rays 16 of electromagnetic radiation reflected from convex mirror M3 are collected by concave mirror 
M4. The rays 18 of electromagnetic radiation reflected from concave mirror M4 are imaged onto a wafer 20 at an image 
plane. Wafer 20 is placed at the short conjugate end of the reduction optical system. The mirrors M 1 , M2, M3, and M4 
preferably have a common optical axis OA. The rays 1 1 , 1 2, 1 4, 1 6, and 1 8 form the optical path of the electromagnetic 
radiation in the optical system. The mirrors M1 , M2, M3, and M4 are preferably spaced relatively far apart. This has the 
benefit of minimizing the angular variations of light beams or rays 1 1 , 12, 14, 16, and 18 hitting the mirrors M1 , M2, M3. 
and M4. This improves system performance in that known reflective coatings typically used for extreme ultra violet 
wavelengths (EUV) are angle-sensitive. Additionally, this allows for a larger ring field radius for a given reticle 1 0 to wafer 
20 distance. The following distances are therefore preferable. The distance between the reticle 1 0 and the reflective sur- 
face of mirror M1 being greater than eighty percent of the distance between the reticle 10 and wafer 20. The distance 
between the reflective surfaces of mirrors M1 and M2 being greater than seventy percent of the distance between the 
reticle 10 and wafer 20. The distance between the reflective surfaces .of mirrors M2 and M3 being greater than fifty per- 
cent of the distance between the reticle 10 and wafer 20. The distance ^tween the reflective surfaces of mirrors M3 
and M4 being greater than twenty-five percent of the distance between the reticle 10 and wafer 20. The distance 
between the reflective surface of mirror M4 and the wafer being greater than fifty percent of the distance between the 
reticle 1 0 and wafer 20. 

[0014] In a preferred configuration the optical system, illustrated in Fig. 1 , may be made according to the construction 
data of the following Tables 1 and 1 A. The construction data contains some un-numbered surfaces referred to as dum- 
mies by those skilled in the art and are typically needed for the design to control the passage of light beams next to the 
mirrors. The un-numbered surfaces could be removed, however the thickness or distance before and after them would 
be added so that the thickness or distance between the mirrors remains the same. 



Table 1 



Element Number 


Radius of Curvature 


Thickness 


Aperture Diameter 


Glass 


Object 


Infinite 


125.0000 
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Table 1 (continued) 



Element Number 


Radius of Curvature 


Thickness 


Aperture Diameter 


Glass 








384.9520 








682.5197 






1 


A(1) 


-682.5197 


282.3516 


Reflective 


2 


A(2) 


556.6306 


318.7516 


Reflective 






Aperture Stop 


50.0710 




3 


A(3) 


-556.6306. 


50.0710 


Reflective 








- 365.8025 








299.9381 






4 


A(4) 


-299.9381 


194.4209 


Reflective 








255.2926 








556.6306 












142.7533 






Image Distance = 


209.2224 






Image 


Infinite 




102.0002 





[001 5] The aspheric constants are provided according to the following equation and Table 1 A 

z m icurv)y* HA)/ +(e)y e +(C)/ +(D)y io 

1+(1-(1+K)(a/rv) V) 



Table 1 A 



Aspheric 


Curv 


K 


A 


B 


C 


D 


A(1) 


0.00038658 


0.000000 


-1.94905E-10 


-9.77521 E-1 7 


7.55027E-21 


-3.03099E-25 


A(2) 


0.00084708 


0.000000 


■6.71274E-11 


-8.42747E-17 


-8.351 08E-22 


974444E-28 


A(3) 


0.00243452 


0.000000 


5.25375E-10 


-3.50002E-15 


1.26244E-17 


-7.16624E-21 


A(4) 


0.00196174 


0.000000 


1.28463E-10 


7.98681 E-16 


-1.24539E-20 


5.30348E-25 



[001 6] The optical projection system of the present invention, constructed, according to the construction data of Tables 
1 and 1 A, has a maximum numerical aperture equal to 0.1 and a four-to-one£eduction ratio. A step and scan photoli- 
thography system using this projection system will be able to print features as small as 0.05 microns over an instanta- 
neous annular image field of up to 50mm x 2 mm at the wafer. This image field can be scanned to cover a field on the 
wafer of at least 50mm x 50 mm, thereby allowing a dramatic increase in circuit pattern density and complexity over cur- 
rent deep UV, 193 to 248 nm photolithography systems. The relatively large image field greatly increases throughput 
and thereby increases the efficiency of systems utilizing the present invention. The projection optics of the present 
invention are also relatively compact, having a reticle to wafer distance of less than 900 mm. 
[0017] Fig. 2 illustrates the image field created by the present invention. The image field 24 is an arcuate slit having 
a lateral dimension of approximately 2 mm and a longitudinal dimension of about 50 mm. The image field 24 is generally 
scanned in the direction of arrow 26. The arcuate or annular slit is formed from portions of concentric circles having a 
radii of 49 and 51 mm, respectively. At the wafer, the residual design aberrations are smaller than the Marechal criterion 
for diffraction limited imagery, 0.07 waves r.m.s. at an 1 1 nm wavelength. This system will likely be illuminated over the 
central 1 .5 mm of the aberration corrected annulus, with an intensity distribution peaked near a central 50mm field 
radius and following that of the point source in the radial field direction, so called critical illumination. Kohler illumination, 
uniform intensity distribution, is assumed in the tangential field direction. The system is telecentric at the wafer, but not 
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at the reticle. This allows for oblique illumination of a spectrally reflected reticle, as is well known in the art. 
[0018] The present invention, by utilizing the unique mirror sequence of convex, concave, convex, and concave, in 
combination with an aperture stop coincident with the third mirror, makes possible very efficient projection optics having 
a relatively large annular image field. This results in improved throughput and therefore manufacturing efficiencies. 
5 Accordingly, the present invention advances the art of microlithography or photolithography and in particular, reduction 
projection optics used for a scanning lithographic system. 

[0019] Fig. 3 is a block diagram illustrating generally a microlithography system utilizing projection optics according 
to the present invention. An illumination system 30 illuminates a transmissive reticle 32. Projection optics 34, according 
to the present invention, project the image of the reticle 32 onto a photosensitive resist covered substrate or wafer 36. 

w Only a portion of the image of the reticle 32 is projected onto the wafer 36 at any one time. The image field of the pro- 
jection optics 34 being smaller then the reticle 32 or wafer 36, the entirewafer 36 is exposed by scanning the retcile and 
wafer. Both the reticle stage 38 and wafer stage 40 move in synchronization. However, because the optical system pro- 
- vides reduction, the reticle stage 38 moves at a different rate than the wafer stage 40. The difference in rate is propor- 
tional to the reduction. Control 42 controls the movement of the reticle stage 38 and wafer stage 40. 

is [0020] Although the preferred embodiment has been illustrated and described, it will be obvious to those skilled in the 
art that various modifications may be made without departing from the spirit and scope of this invention. 

Claims 

20 1. A ring field reduction projection optical system having a long conjugate end and a short conjugate end for use in 
the extreme ultraviolet wavelength region comprising: 

a plurality of curved mirrors alternating from convex to concave from the long conjugate end to the short con- 
jugate end, whereby an arcuate image field is formed. 

25 

2. A ring field reduction projection optical system as in claim 1 wherein: 

the arcuate image field has at least 0.1 micron resolution and a radial width of 2 mm and a longitudinal length 
of substantially 50 mm. 

ring field reduction projection optical system as in claim 1 wherein: 

said plurality of curved mirrors are aspheric. 

35 4. A ring field reduction projection optical system as in claim 3 wherein: 

said plurality of curved mirrors provides a reduction ratio of four to one. 

A ring field reduction projection optical system having an optical axis and an optical path, from a long conjugate end 
to a short conjugate end comprising: 

a first convex mirror; 

a first concave mirror; 

a second convex mirror; and ^ 
a second concave mirror, 

arranged such that electromagnetic radiation is reflected along the optical path from said first convex mirror to 
said first concave mirror to said second convex mirror to said second concave mirror, whereby an arcuate 
image field is formed. 

so 6. A ring field reduction projection optical system as in claim 5 wherein: 

said first concave mirror is positioned along the optical axis between the long conjugate end and said second 
concave mirror. 

55 . 7. A ring field reduction projection optical system as in claim 5 wherein: 

said second convex mirror is positioned along the optical axis between said second concave mirror and said 
first convex mirror and adjacent said second concave mirror. 



30 

3. A 



40 



45 
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8. A ring field reduction projection optical system as in claim 5 wherein: 

an aperture stop is formed near said second convex mirror. 

9. A ring field reduction projection optical system as in claim 5 wherein: 

said first convex mirror forms rays of electromagnetic radiation that diverge along the optical path between the 
long conjugate end and the short conjugate end. 

1 0: A ring field reduction projection optical system as in claim 9 wherein: 

• '• 

said first concave mirror forms rays of electromagnetic radiation that converge along the optical path between 

- - the long conjugate end and the short conjugate end. 

1 1 . A ring field reduction projection optical system along an optical path, from a long conjugate end to a short conjugate 
end comprising: 

a first convex mirror(M1); 
a first concave mirror(M2); 
a second convex mirror(M3); and 
a second concave mirror(M4), 

arranged such that electromagnetic radiation is reflected from said first convex mirror to said first concave mir- 
ror to said second convex mirror to said second concave mirror and the positioning along an optical axis (OA) 
is such that said f irst convex mirror (M1) is positioned between the short conjugate end and said second con- 
vex mirror(M3), said first concave mirror(M2) is positioned between the long conjugate end and said second 
concave mirror(M4), said second convex mirror(M3) is positioned between said first convex mirror(M1) and 
said second concave mirror(M4), and said second concave mirror(M4) is positioned between said first concave 
mirror(M2) and said second convex mirror(M3), 
whereby an arcuate image field is formed. 

12. A ring field reduction projection optical system as in claim 1 1 wherein: 

said first convex mirror (M1), said first concave mirror (M2), said second convex mirror(M3), and said second 
concave mirror(M4) have aspheric reflective surfaces. 

13. A ring field reduction projection optical system as in claim 1 1 wherein: 

the arcuate image field has at least 0.1 micron resolution and a radial width of 2 mm and a longitudinal length 
of substantially 50 mm. 

14. A ring field reduction projection optical system used in the manufacture of semiconductor devices, from the long 
conjugate end to the short conjugate end comprising: 

a first negative power convex mirror positioned to receive electrpma^ietic radiation, the electromagnetic radi- 
ation reflected from said first negative power convex mirror forming diverging rays; 

a first positive power concave mirror positioned to receive electromajgnetic radiation reflected from said first 
negative power convex mirror, the electromagnetic radiation reflected from said first positive power concave 
mirror forming converging rays; 

a second negative power convex mirror positioned to receive electromagnetic radiation reflected from said first 
positive power concave mirror, the electromagnetic radiation reflected from said second negative power convex 
mirror forming diverging rays; and 

a second positive power concave mirror positioned to receive electromagnetic radiation reflected from said 
second negative power convex mirror, the electromagnetic radiation reflected from said second positive power 
concave mirror forming an arcuate image field having at least 0.1 micron resolution and a radial width of 2 mm 
and a longitudinal length of substantially 50 mm. 

15. A ring field reduction projection optical system having an optical axis, an optical path, and a length from a long con- 
jugate end to a short conjugate end comprising: 
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a first convex mirror; 

a first concave mirror; 
a second convex mirror; and 
a second concave mirror, 

arranged such that electromagnetic radiation is reflected along the optical path from said first convex mirror to 
said first concave mirror to said second convex mirror to said second concave mirror, and the distance between 
each of the reflective surfaces of said mirrors in a direction of the optical path along the optical axis is grater 
than twenty-five percent of the length from the long conjugate end to the short conjugate end, whereby an arcu- 
ate image field is formed. 

J 6. A ring field reduction projection optical system having an optical axis ( -an optical path, and a length from a long con- 
jugate end to a short conjugate end comprising: 

a first convex mirror positioned from the long conjugate end in a direction of the optical path a first distance 
greater than eighty percent of the length; 

a first concave mirror positioned from said first convex mirror in a direction of the optical path a second distance 
greater than seventy percent of the length; 

a second convex mirror positioned from said first concave mirror in a direction of the optical path a third dis- 
tance greater than fifty percent of the length; and 

a second concave mirror positioned from said second convex mirror in a direction of the optical path a fourth 
distance greater than twenty-five percent of the length, 

arranged such that electromagnetic radiation is reflected along the optical path from said first convex mirror to 
said first concave mirror to said second convex mirror to said second concave mirror, whereby an arcuate 
image field is formed at the short conjugate end. 

17. A ring field reduction projection optical system as in claim 16 wherein: 

said second concave mirror is positioned from the short conjugate end a fifth distance greater than fifty percent 
of the length. 

1 8. A ring field reduction projection optical system, from the long conjugate end to the short conjugate end comprising: 

a first convex mirror; 
a first concave mirror; 
a second convex mirror; and 
a second concave mirror, 

arranged such that electromagnetic radiation is reflected from said first convex mirror to said first concave mir- 
ror to said second convex mirror to said second concave mirror, and constructed according the to following 
construction data, 



Table 1 



Element Number 


Radius of Curvature 


Thickness (mm) 


- .Aperture Diameter 
^ (mm) 


Glass 


Object 


Infinite 


125.0000 


384.9520 








682.5197 






1 


A(1) 


-682.5197 


282.3516 


Reflective 


2 


A(2) 


556.6306 


318.7516 


Reflective 






Aperture Stop 


50.0710 




3 


A(3) 


-556.6306 


50.0710 


Reflective 








365.8025 








299.9381 







EP 0 903 605 A2 

Table 1 (continued) 



Element Number 


Radius of Curvature 


Thickness (mm) 


Aperture Diameter 
(mm) 


Glass 


4 


A(4) 


-299.9381 


1 94.4209 


Reflective 








255.2926 








556.6306 












142.7533 






Image Distance = 


209.2224 






Image 


Infinite 




102.0002 





and the aspheric constants A(1), A(2), A(3), an A(4) are provided according to the following, 



Table 1 A 



Aspheric 


Curv 


K 


A 


B 


C 


D 


A(1) 


0.00038658 


0.000000 


-1.94905E-10 


-9.77521 E-1 7 


7.55027E-21 


-3.03099E-25 


A(2) 


0.00084708 


0.000000 


-6.71274E-11 


-8.42747E-17 


-8.351 08E-22 


9.74444E-28 


A(3) 


0.00243452 


0.000000 


5.25375E-10 


-3.50002E-15 


1.26244E-17 


-7.16624E-21 


A(4) 


0.00196174 


0.000000 


1.28463E-10 


7.98681 E-16 


■1.24539E-20 


5.30348E-25 



whereby an arcuate image field is formed. 



8 



EP 0 903 605 A2 





// 



c 



Ml 



ILLUMINATION 

SOURCE 

13 



2mm 

i i 

M 




717 



24 



50mm 




26 



J 



F/a 2 



F/G. 1 



9 



EP 0 903 605 A2 



30 



ILLUMINATION 
SYSTEM 



32 



34 




PROJECTION 
OPTICS 



36 



1 



RETICLE 
STAGE 




CONTROL 



40 

I 



WAFER 
STAGE 



42 



FIG. 3 



10 



